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Events in Dying Cells by Kendal C Dixon MD FCPath (Department ofPathology, Cambridge) But death is not a mere slowing down of a machine; it is a total ruin of the supposed machinery.
John Scott Haldane, when he said these words in 1919, had probably not a clear picture of the macromolecular fabric of the injured cell; neither have we today. But it is surprising that this 'ruin of the machinery' is not accompanied by more spectacular changes in the dying cells themselves.
Cellular death or necrosis means irreversible cessation of cellular activity and function coupled with irreparable disorganization of structure. Cells may be regarded as dying when they are on the road to necrosis. I shall not, however, enquire here how far along this road is the exact point where these changes become irreversible, but I shall consider some episodes in the disintegration of the cellular fabric which herald, which accompany, and which succeed necrosis.
Disintegration of the cell fabric is determined by two principal kinds of mechanism; the first physical and the second chemical: (1) Disarray, disorientation and disruption of cell membranes and organelles followed by denaturation of cellular proteins: this depends on colloidal or macromolecular changes and it is essentially a physical or physicochemical process. (2) Chemical fission or katabolism of cellular macromolecules: this involves chemical decomposition or hydrolysis into smaller molecules and has been called katabolic change.
Disarray, Disorientation and Disruption ofCell Membranes
This change may arise by the direct disorientating action of physical agents and of harmful substances, or indirectly owing to cessation of the exergonic reactions necessary for maintaining or stabilizing cell membranes, as in ischaemia.
Initial phases in this kind of change have recently been studied with great success by Trump et aL (1962) , who observed ultrastructural changes in liver cells produced by incubation in vitro, and by Bassi & Zazzera (1964), who followed similar changes in liver cells subjected to ischemia in vivo. One of the earliest and most constant alterations observed was fragmentation of the plasma membrane in addition to changes in the membranes of endoplasmic reticulum and mitochondria.
From quite another angle has come independent evidence of similar changes in the liver of dead animals and in pieces of liver incubated at 38°C for 05 -1 hour (Dixon 1964b) . Previously brass and steel rollers were used (Dixon 1 964a) to roll out cerebellar neurones into films, and a substantial physical change had been observed in dying Purkinje cells of the rabbit cerebellum. This rolled-film technique was then applied to rat liver (Dixon 1964b ).
Films of fresh liver: These films present a poor cytological picture; most of the cells are burst and their cytoplasmic contents are dispersed through gross rents in the ruptured membranes. The majority of the nuclei, however, remain intact and appear as well-defined circular areas scattered in a confluent cytoplasmic matrix. This supports the indication from electronmicrographs that large pores exist in the nuclear membrane, since, through such pores, water can be expressed by rollers without rupture of the nuclear membranes.
Fig 1 shows a rolled film of fresh liver. This film was fixed in ethanol and then stained by the Feulgen method for DNA and counterstained by fast green FCF. Intact violet-coloured nuclei are visible in a green granular matrix composed of dispersed cytoplasmic debris. The nucleoli are uncoloured by this method of staining. Films of incubated liver: Rolled films made from pieces of excised liver incubated for 05 -1 hour at 38°C, or from livers of rats kept at 38°C for 1 hour after death, give a very different picture. These films from incubated liver contain numerous sharply contoured discrete cells in which cellular structure is visible with clarity and definition.
How can this paradox be explained? Probably the dying cells in the incubated liver become porous, so that intracellular fluid can be expressed from them by the rollers in the same way as liquid can be expressed from a sponge. Fig 2 shows a rolled film made from liver which had been incubated in vitro for 1 hour at 380C. The film was fixed in ethanol, stained by the Feulgen method for DNA, and counterstained by fast green FCF. Intact hepatic cells are visible; they contain nuclei coloured violet by the Feulgen method, uncoloured nucleoli, and green granular cytoplasm.
The appearance of these rolled films thus supports the view that discontinuities develop in the membranes of the dying cells. The fragmentation of membranes (which is visible by electronmicroscopy) may thus be accompanied by an increase in physical porosity of the cell surfaces.
The use of rolled films of incubated tissue provides a rapid and convenient method for the study of hepatic cells. Thus, when fixed by formol-saline and stained by PAS, the films show glycogen in the form of brilliantly coloured crimson granules; these granules, stainable by PAS, were removed by previous treatment with saliva. Acid phosphatase appears as black cytoplasmic granules in the cells, after treating fixed or unfixed films with Gomori's glycerophosphatelead nitrate technique. Rolled films are also useful for the demonstration of fat. For this purpose formol-fixed films of incubated liver were stained in a saturated solution of Sudan III and IV in 70 %Y ethanol, then counterstained with Carazzi's hematoxylin; fat appears as orange droplets.
Changes in injured liver cells can also be followed by using rolled films of incubated tissue. Thus, in livers of rats injected subcutaneously with carbon tetrachloride (075 ml/100 g body weight) two hours before death, the basophilic aggregates in the cytoplasm of the hepatic cells became dispersed and droplets of fat were deposited. This deposition of fat is much more severe twenty-four hours after injection of the carbon tetrachloride. At this stage numerous droplets of globular fat are visible in the rolled films of incubated liver. These droplets are seen as unstained circular spaces in ethanol-fixed films stained by hlmatoxylin and eosin, and as orange droplets in films fixed by formol-saline and later stained by Sudan III and IV (Figs 3A, B) .
The change in incubated cells, which enables these films to be made, implies that discontinuities develop rapidly in the external membranes of ischmmic cells. Such alterations in the surface of the dying cell would soon preclude osmotic swelling and would also arrest katabolism dependent on further osmotic absorption of water. This fragmentation of the external covering of the dying cell probably involves colloidal disorientation and disarray of macromolecules rather than their chemical fission. Another possibility which might account for the presence of intact cells in incubated films was suggested by Mr A K C Li and also by Professor R R A Coombs; this is that incubation favours disaggregation of the cells by dissolving intercellular connexions. Many of the intact cells, however, still retain epithelial contiguity with their neighbours; moreover prolongation of incubation to two hours does not increase the number of disaggregated and single cells in the films. Softening of the cells may, however, depend on changes in their superficial polysaccharides as well as in their lipoprotein membranes.
Section ofPathology
Chemical Fission or Katabolic Change A very different kind of cellular disintegration is the autolytic katabolism of macromolecules largely mediated by enzymic action. This is a chemical decomposition into smaller molecules as opposed to a colloidal or macromolecular disorientation. Net katabolism or katabolic change arises in two ways: (1) By retardation of anabolism.
(2) By acceleration of katabolism. Retardation ofanabolism: Because of the dynamic equilibrium which exists in the living cell between anabolism of macromolecules and their decomposition, inhibition of anabolism results in net katabolism, provided of course that conditions necessary for the continuation of katabolism are maintained. Retardation of anabolism initially arises by interference with the supply or interaction of nutrient micromolecules, while later in cell disintegration macromolecular lesions, involving the loss or internal disarrangement of even one unique molecule of DNA, may exert a crucial though indirect effect in deleting the anabolism of protein. Acceleration of katabolism: Cell injury may also remove the normal barriers which curb the full activity of katabolic enzymes. In the living cell the katabolic enzymes may be locked away inside membranous compartments and are thus only partially accessible to their substrates. Thus it was suggested (Dixon & Holmes 1935 , Dixon 1937 ) that expenditure of energy by respiration is responsible for maintaining the inaccessibility of some of the cell enzymes, so that oxygen has the effect of retarding carbohydrate katabolism; the Paseur effect would thus be dependent on enzyme inaccessibility in the presence of oxygen, while in the absence of oxygen the enzymes would become accessible and carbohydrate katabolism would be accelerated. It is therefore possible that anoxia and ischemia remove a general limitation of accessibility of katabolic enzymes to substrates, so that ischiemia results in net katabolism and a rise of intracellular osmolarity (Dixon & McCullagh 1957) . Another factor which may restrain net katabolism in the normal cell is lack of available free water for hydrolytic processes. Much of the water in the cell may be 'structured' and bound in lattices by hydrogen bonding to proteins on membrane surfaces (Karow & Webb 1965) . This water may not normally be available for hydrolysis; acceleration of katabolism may thus be determined by entry of water into the cell, and this may be a precondition for extensive autolysis (Dixon 1956) . Gross swelling and vacuolation with loss ofprotein:
This kind of change probably only occurs when injury is insufficiently severe to cause disintegration of surface membranes. Although cells which are rapidly killed may show fine vacuoles visible by electronmicroscopy, they do not develop large vacuoles because disruption of the external membrane arrests further osmotic entry of water. But if the external membrane remains intact, osmotic swelling continues and gross vacuolation develops; this increases the available free water within the cells and so enables hydrolysis of protein to proceed. Thus autolysis and loss of protein occur. The resulting formation of peptides or amino acids increases internal osmolarity so that more water enters, which then becomes available for hydrolysing more protein. Thus a vicious cycle of swelling and katabolism of protein develops, and these processes go hand in hand. It is also possible that katabolic enzymes become more accessible to their substrates in injured cells, as cellular compartments are broken down; this change may contribute further to autolysis and to swelling. Intense vacuolation with loss of protein occurs in the midzonal hepatic cells of rats poisoned by carbon tetrachloride. In these cells injury may not be sufficiently severe to destroy their osmotic properties at first, so that swelling and autolysis occur; but the centrilobular hepatic cells of rats poisoned by carbon tetrachloride, which suffer rapid necrosis and lose their osmotic properties, cannot swell and show no appreciable loss of protein (Dixon & McCullagh 1957) .
Final Fate ofRemnants
When cellular injury is irreparable what then is the final fate of the remnants? This is of three kinds: persistence, autolysis and heterolysis. Persistence: Persistence in an altered state is the commonest immediate sequel to cell death. Autolysis, as we have seen, is initially impeded probablyby(a)inaccessibility ofkatabolicenzymes to their substrates, and (b) lack of free water necessary for hydrolysis of macromolecules. Later the enzymes and other proteins become denatured and the cell is transformed into a mummified mass of denatured protein (Dixon & McCullagh 1957) . This mummification is the essence of coagulative necrosis. It is accompanied by denaturation, opacification, and increase in capacity to bind anionic dyes (such as erythrosin at pH 9) owing to exposure of charged loci in the denatured proteins (Majno et al. 1960 , Dixon 1962 , Majno 1964 .
Conspicuous persistence of protein with denaturation is probably also responsible for the intense coloration of necrotic kidney cells of infarcts by Danielli's tetrazo method for phenolic groups in protein (Dixon 1956) . Similar retention and persistence of protein is prominent in caseous necrosis in tuberculosis; thus the granular debris in caseous foci is intensely coloured by the tetrazo method (Dixon 1958) and is also strongly stained by erythrosin at pH 9 (Fig 4) . It seems likely that this intense staining of caseous foci is due to denaturation of retained protein with exposure of active groups rather than actual entry of protein into these relatively avascular zones.
The lipoprotein membranes of dying cells, although partly disorientated and disarranged in the physicochemical sense, may persist conspicuously as apparently unaltered chemical entities. Thus when the ,3-cells of pancreatic islets are killed by alloxan, the cells shrink, their nuclei shrivel and later disappear, but the granules, stainable by Gomori's paraldehydefuchsin after oxidation with potassium permanganate (PPF method), persist (Dixon et al. 1960) .
These 'granules' are probably insulin-containing vesicles covered by lipoprotein membranes which are responsible for this intense coloration by PPF. Although insulin diffuses out of the vesicles in the dying 3-cells and the dead cells suffer pyknosis or karyolysis, the granules stainable by PPF are clearly visible twenty-four hours after injection of alloxan. The constituents of the membranes of the vesicles, although possibly disorientated and fragmented, retain their characteristic tinctorial properties in the dying cells.
As a final example of persistence of cellular remnants we shall consider a remnant which accumulates in living cells. Neurones have no replacements and their metabolic activity is lifelong. It is not surprising, therefore, that a remnant derived by disarray and disorientation of lipoprotein membranes should accumulate throughout the perennial course of neuronal life. This remnant is deposited in the form of aggregated granules of lipofuscin or wear-and-tear pigment. These yellowish granules stainable by PAS and Sudan black are specially conspicuous in the neurones of the human inferior olivary nucleus (Dixon & Herbertson 1950) . Einarson (1962) suggested that lipofuscin may pile up in ageing neurones owing to inability to utilize vitamin E and consequent autoxidation of lipids; he had previously demonstrated similar deposits in the neurones of animals deprived of vitamin E. Adams (1965) supposed that lipofuscin formed in this way may 1later be engulfed by lysosomes. Probably these granules of neuronal lipoprotein arise, in any case, as the final indestructible remnant formed by disarray and aggregation of laminar lipoprotein membranes of these ageless cells over the lapse of years. Autolysis: Disappearance of RNA and DNA commonly occurs in necrotic cells despite persistence of protein. It is possible that, when detached from protein, these substances may diffuse away. During autolysis of rat liver in vitro van Lancker & Holtzer (1962) observed early release of desoxyribonuclease from particles separable by centrifugation; however, fall in the content of DNA started only many hours later when the nuclei commenced to disappear.
Liberation of enzymes from lysosomes has been suggested as a cause of autolytic damage in dying liver cells (de Duve & Beaufay 1959) . It is likely, however, that release of lysosomal enzymes plays little part in the initial phases of injury to liver cells either by ischemia (Kerr 1965) or by carbon tetrachloride (Slater & Greenbaum 1965) . Autolytic destruction of protein is probably mnmlin rapidly killed cells, but may be prominent when aqueous swelling precedes necrosis (Wells 1925) and thus provides the free water essential for hydrolysis (Dixon 1956) . Heterolysis: In this process the dead cells are consumed by others. Heterolysis is specially evident in old infarcts and traumatic scars of cerebral cortex. Here cerebral histiocytes surround the dead neurones and consume them. The necrotic grey matter is then liquefied into cystic spaces. This process is called softening or malacia; it is a typical example of liquefactive necrosis.
Eventually the remnants of the dead cels (which may persist for many months) are entirely consumed by cerebral histiocytes; the necrotic grey matter is then replaced by cystic cavities containing cerebral histiocytes which are stuffed with granulesthe remnants of the vanished neurones. The remnants of necrotic white matter are also taken up by phagocytes which convert the disintegrating myelin into cholesterol esters (Petrescu 1966) .
The granules in the histiocytes of necrotic grey matter have striking cytochemical properties: in routine wax sections the granules are coloured by Sudan black (Fig 5) , by PAS, by Danieli's tetrazo method for protein and by paraldehyde-fuchsin after oxidation with permanganate (Dixon 1956) .
They thus contain a lipoprotein which closely resembles lipofuscin.
It has been suggested that these granules develop from necrotic neuronal cytoplasm in the same way as lipofuscin is normally deposited in the living neurone. The granules in the histiocytes may thus be derived similarly by disarray and aggregation of the lipoprotein membranes of the disintegrated cells. The continued persistence of this granular lipoprotein remnant in the phagocytes emphasizes how we must increasingly recognize molecular disarray and disorientation in the cytopathology of the future. The granules in the histiocytes form a spectacular memorial to the functional lipoprotein membranes of the vanished cells: this landmark persists when all else is gone. Atherosclerosis is primarily an intimal disorder of certain arteries. It is of little or no significance unless it causes occlusion of the vessels that supply such organs as the heart and brain. The occlusive factor is either lipid accumulation in the plaque, or thrombosis on its surface. The broad fields of atherosclerosis research are therefore of three kinds: one is concerned with atherogenesis, a second with thrombogenesis and a third with factors affecting lipid deposition in vessel walls.
Experimental Studies

Experiments with Animals
Many kinds of experiments have been done (Howard & Gresham 1965 , Klotz 1934 ) and a
